Shortened kinetochore microtubules take separated chromatids to the opposing spindle poles in anaphase. Fission yeast Dis1 belongs to the Dis1/XMAP215/TOG family that is required for proper microtubule dynamics. Here, we report that Dis1is regulated by Cdc2 phosphorylation and that this mitotic phosphorylation ensures the fidelity of chromosome segregation. Whereas mutants Dis1 6A and Dis1 6E that substitute all of the six Cdc2 sites for Ala or Glu, respectively, produce colonies at 22 C-36 C, Dis1 6A but not Dis1
6E
loses a minichromosome and reveals aberrant chromosome segregation at significant frequencies. Dis1 WT is recruited to two regions of the mitotic spindle: kinetochores (possibly also kinetochore microtubules) in metaphase and the pole-to-pole microtubule lattice in anaphase. Mutant Dis1 6E preferentially binds to metaphase kinetochores, whereas Dis1 6A , which is located along microtubules, fails in its accumulation at kinetochores. Dis1
6A displays synthetic lethality with the mis12-537, which is a mutant that compromises kinetochore function. Dis1 6E mimics the Cdc2-phosphorylated form of Dis1 WT , whereas Dis1 6A can partially rescue the phenotype resulting form deletion of Mtc1/Alp14, another XMAP215-like protein. In anaphase, dephosphorylated Dis1 and Dis1
6A , but not Dis1 6E , move to the spindle microtubule lattice near the SPBs. Cdc2 thus directly phosphorylates Dis1, and this phosphorylation regulates Dis1 localization in both metaphase and anaphase and ensures highfidelity segregation.
Results and Discussion
Dis1 has a total of six Cdc2 consensus (S/TPxR/K) sites: a cluster of three ( 279 T, 293 S, and 300 S) between the regions of TOG repeats [1] [2] [3] and the other three ( 551 S, 556 S, and 590 S) clustered within the microtubule binding domain [4] ( Figure 1A ). Note that because the two clusters are present in the basic domains, phosphorylation of these residues may alter the local conformation of Dis1 by changing the charge in these regions. Indeed, these residues were previously shown to be phosphorylated in vivo [5] . Alp14/Mtc1 is another fission yeast XMAP215-like protein [6, 7] . It shares 28% identity with Dis1 and also contains TOG repeats and distinct microtubule binding domains. Because deletions of Dis1 and Mtc1 are, respectively, cold sensitive (cs) and temperature sensitive (ts) in colony formation and the double mutant is lethal, the presence of both Dis1 and Mtc1 may enable cells to cope with microtubule dynamics over a broad range of temperatures.
We asked whether phosphorylation of Dis1 occurred in a cell-cycle-dependent manner. To this end, we used affinity-purified antibodies against a peptide containing phosphorylated 551 S for immunoblotting of S. pombe extracts. The spindle checkpoint protein Mad2 was overproduced to enrich for metaphase fractions in these cell extracts [8] . The phosphopeptide antibodies (Dis1P) could detect a band in the wild-type but neither in nonphophorylatable Dis1 6A nor Ddis1 mutants ( Figure 1B ). In contrast, control antibodies against the carboxyterminal Dis1 (Dis1C) detected both Dis1
WT and mutant Dis1 6A . Two sets of synchronous culture experiments were performed to examine whether phosphorylation of 551 S really occurred during mitosis of dividing cells. In the cdc25 block-and-release experiment [9] , the band intensity of Dis1 containing phosphorylated 551 S peaked around 30 min after the release from the late-G2-phase arrest ( Figure 1C ). This timing coincides with the middle of mitosis. The maximum phosphorylation correlated with the appearance of hyper-upper Dis1 bands detected by control nonphosphospecific antibodies against Dis1 (Dis1C). The intensity of the phosphorylated band decayed rapidly in anaphase, whereas the total level of Dis1 did not appear to fluctuate, indicating that 551 S was rapidly dephosphorylated during anaphase.
Release from an arrest at the nda3 (b-tubulin mutant) execution point results in a synchronous progression from prophase to anaphase within 10 min of switching cells from restrictive to permissive conditions [10] . Cold-sensitive nda3 cells were therefore arrested with highly condensed chromosomes in the absence of the spindle (the spindle pole not separated) at 20 C and released to follow Dis1 status during the synchronous progression to anaphase by the shift to 36 C, the permissive temperature. The destruction of cohesin Rad21, as well as securin Cut2 and cyclin Cdc13, indicated the high degree of synchrony of anaphase events that is achieved by this approach ( Figure 1D ). The Dis1 band was initially hyperphosphorylated (0 min in Figure 1D ), which is consistent with the fact that Cdc2 kinase was activated in prophase-arrested nda3 mutant cells [8, 10, 11] .
Maximum phosphorylation of 551 S of Dis1 occurred around 0-6 min prior to the destruction of securin Cut2 and cyclin Cdc13 and the cleavage of cohesin Rad21 that all took place simultaneously around 6 min after the shift. Thus, Dis1 stability was not affected during mitosis; rather, a principal molecular feature of Dis1 behavior in mitosis was phosphorylation by Cdc2 in metaphase then rapid dephosphorylation by an unidentified phosphatase.
We constructed S. pombe strains in which Cdc2 phosphorylation sites of Dis1 were changed to alanine or glutamate ( Figure 1A ). These mutant genes were integrated into the chromosome in the Ddis1 deletion background in such a way that expression was driven by the native promoter. All strains produced colonies at 22
C-36 C (Figure 2A ), whereas control Ddis1 does not produce colonies at 22 C [5] , suggesting that the substituted Dis1 mutants were functional. At 26 C, Dis1 6E was moderately, and Dis1 6A was weakly but reproducibly, sensitive to thiabendazole (TBZ), a microtubule poison ( Figure 2B ). Ddis1 was much more sensitive to TBZ than Dis1 6A and Dis1 6E . The control (Dis1 WT ) was chromosomally integrated with the nonsubstituted wild-type dis1 + gene in the Ddis1 background. The sensitivities of Dis1 N3A and Dis1
C3A were similar to that of the wild-type. We then looked at the fidelity of chromosome segregation in Dis1
6A and Dis1 6E mutant cells. To this end, the loss rate of an artificial minichromosome CN2 [12] was measured at 26 C. The loss rate of CN2 minichromosome in Dis1
6A was much higher than that of the wild-type integrant, whereas Dis1 N3A and Dis1 C3A had loss rates that were comparable to those of the wildtype Dis1 integrant ( Figure 2C ). The loss rate in Dis1 6E was lower than Dis1 6A and slightly higher than that in the wild-type. These results established that phosphorylation of Dis1 by Cdc2 is required for the high-fidelity segregation of a minichromosome. The Dis1 6E mutant appears to mimic at least partially the Cdc2-phosphorylated form of Dis1.
Because it has previously been established that the double mutant between Ddis1 and kinetochore/centromere-deficient mis12-537 was synthetically lethal at 33 C [15] , we attempted to make double mutants containing mis12-537 alongside the Dis1 6A or Dis1 6E mutant. The double mutant mis12 Dis1 6A failed to produce colonies at 33 C, whereas mis12 Dis1 N3A and mis12 Dis1
C3A
showed weak inhibition of colony formation ( Figure 2D ). However, the double mutant mis12 Dis1 6E could form colonies at 33 C. Cdc2 phosphorylation of Dis1 may thus have a role in facilitating kinetochore formation, function, or both. Such a role would be in agreement with previous chromatin immunoprecipitation (CHIP) results that showed how Dis1 coprecipitated with the central centromere DNAs specifically in mitosis [6] . Phosphorylated Dis1 may thus cooperate with Mis12.
We next asked whether Cdc2 phosphorylation of Dis1 might cause a change in its intracellular localization during mitosis. To address this possibility, we used strains that carried integrated, GFP-tagged Dis1 6A , Dis1 6E , or Dis1
WT genes under the native promoter alongside a plasmid with Sad1-RFP to highlight the location of the spindle-pole bodies (SPBs) and nuclear envelope [16, 17] for time-lapse analysis with a DeltaVision microscope.
The Dis1 WT -GFP signals are seen as the kinetochore dots in metaphase [6] (Figure 3A , left; see also Movie S1 in the Supplemental Data available with this article online). The high-intensity peaks of Dis1
WT -GFP signals are seen in the middle of the spindle axis in the 5 min frame of Figure 3A ( Figure 3B ).
In contrast, the discrete kinetochore dot signals in the middle of the spindle were barely visible in Dis1 6A mutant cells. Instead, Dis1
6A -GFP signals were enhanced along the spindle microtubules during metaphase (99.2% Dis1 6A cells showed the spindle microtubule signals; n = 119) (Figure 3A , middle; Movie S2). In addition, the SPB signals that are normally a feature of anaphase B cells were seen at much earlier stages of mitosis than in mitosis of the wild-type controls. Quantification of the intensity of the signals along the spindle axis in the 4 min frame is consistent with a view that Dis1
6A is associated with the spindle microtubules and fails to accumulate at kinetochore ( Figure 3B) . The dot signals of Dis1 6E -GFP were intense in metaphase ( Figure 3A and B) . Interestingly, in anaphase, the signals of Dis1 6E -GFP showed striking differences from those of Dis1 WT -and Dis1 6A -GFP. For example, the association of the GFP Dis1 signal along the extending anaphase B spindle was greatly reduced (24.4%, n = 127) by the 6E mutation, and the SPB signals were intense (see Movie S3). These results suggested that the nonphosphorylated form of Dis1 might be needed for association with the wall of the extending anaphase B spindle microtubules.
Confirming the association of Dis1 with kinetochores, a strain harboring a version of Dis1-GFP integrated within the genome alongside a plasmid expressing the authentic kinetochore/centromere protein RFP-tagged Mis12 was observed ( Figure 4A ). The signals of Dis1 and Mis12 in the 4 min images of Figure 4A were plotted along the spindle axis ( Figure 4B ). Dis1
WT -GFP and Dis1
6E -GFP signals precisely coincided with the positions of kinetochores in metaphase, whereas the signals were seen all the way along the short spindle in Dis1 6A , and Dis1 6E strains indicated that the timing of mitosis did not seem to be affected by any mutations because measured differences were within the boundaries of experimental error ( Figure S1C ). In addition, to test whether the absence of Dis1 6E from central spindle microtubules during anaphase B might have a phenotypic consequence, we examined the final spindle length in three genetic backgrounds. It was 12.24 6 1.46 (n = 104), 12.28 6 1.53 (n = 121), and 10.85 6 1.43 (n = 127) mm for Dis1
WT , Dis1
6A
, and Dis1 6E , respectively. The length of Dis1 6E might be the shortest. Curiously, bent spindles were observed in late anaphase of 53 of 121 Dis1 6A cells in movies, whereas only 18 of 104 Dis1
WT and ten of 127 Dis1 6E cells examined showed the bent spindle ( Figure S1D ).
The cause for increased chromosome loss in Dis1 6A might arise from these frequent malsegregation and spindle-bending phenotypes. The minichromosome loss (2.32% loss per cell division of the Dis1 6A mutant) was not too low in comparison with the frequency of visualized aberrant centromere behavior (13%) because only a fraction of regular chromosomes that displayed Another interpretation is that the minichromosome is not a regular chromosome because it is much shorter than normal and nonessential for viability. Aberrant behavior of a minichromosome might be more easily rescued than that of a regular essential chromosome in the Dis1 6A mutant background. To examine in further detail the effect of Dis1 6A and Dis1 6E mutations upon microtubule dynamics during mitosis, we took Dis1-GFP movies in shorter time intervals. As seen in kymographs ( Figure 5 ) made from 2 s interval movies, striking differences were observed between the mitoses of Dis1 WT , Dis1
, and Dis1 6E cells. In the periods from early to middle mitosis (indicated by the bars), the kinetochore-like dot signals moved back and forth along the spindle axis until the onset of anaphase (indicated by arrowheads) in Dis1
WT and Dis1
6E
. In Dis1   6A , however, the distinct dot-like signals were barely seen, but the intense signals were observed at the SPBs and along the near-SPB spindle without any dynamic movement. This is strong supporting evidence for the absence of the Dis1 6A mutant protein at the kinetochores. The back-and-forth movements of kinetochores are the most characteristic features of S. pombe kinetochores in wild-type phase 2 (metaphase). The SPB signals were invisible in the early to middle stages of mitosis of Dis1
, suggesting that Cdc2 phosphorylation restrains the association of Dis1 with the SPBs in metaphase.
In anaphase, Dis1 WT -GFP signals abruptly increased along the spindle and at the SPBs despite being absent from the central zone. Dis1
6A -GFP signals did not show such abrupt changes and were continuously intense along the spindle and the SPBs from early to late anaphase, although central-zone signals were also absent with this mutant. Dis1 6E -GFP still showed the abrupt , and Dis1 6E . Each strain was integrated with the GFPtagged Dis1 gene under the native promoter (green) and carried plasmid that expressed the RFP-tagged Sad1 (red). Sad1 enabled observation of the SPBs and nuclear envelope. Images with 1 min intervals are shown. The arrowheads indicate kinetochore dot signals, which were barely detectable for Dis1
6A
. These kinetochore dots were seen in 100% of wild-type cells (n = 102). The number in each panel shows time (min) from the timing of SPB separation. The scale bar represents 10 mm. (B) The signal intensities along the spindle axis were determined for Dis1 (green) and Sad1 (red). The 5, 4, and 6 min panels of wild-type, 6A, and 6E, respectively, in Figure 3A were selected for quantification. The scale bar represents 2 mm.
colonies lost a minichromosome. HM518 is a nonintegrant dis1 + control in which the mis6-302 mutation in the centromere component Mis6 induces a high rate of chromosome loss [13, 14] . (D) The temperature-sensitive mis12-537 strain was crossed with Dis1 substitution mutants, and the resulting double mutants were streaked at 30 C, 33 C, and 36 C.
shift of the signals to the SPBs that is characteristic of the wild-type, but the signals along the elongated spindle lattice were barely visible. The timing of the abrupt change in Dis1-GFP distribution coincided with that of dephosphorylation of Dis1. Because Dis1 WT , Dis1
, and Dis1 6E all associated with anaphase SPBs, this association was independent of modification of the molecule on the Cdc2 phosphorylation sites. Thus, movement of Dis1 from the kinetochore to the anaphase spindle-microtubule lattice appeared to require dephosphorylation at the Cdc2 sites.
The size of the region of the anaphase B spindle that had intense GFP signals was constant, whereas the central domain lacking Dis1 increased its length for either Dis1
WT or Dis1
. It is known that the addition of tubulin occurs in the midzone during anaphase B in fission yeast [18, 19] . We found a striking genetic interaction between Dis1 6A and the deletion mutant of Alp14/Mtc1; Dis1
(but not Dis1
6E
) weakly suppressed the ts phenotype of Dmtc1 in the absence of TBZ at 36 C ( Figure 6 ). In the presence of TBZ (15-20 mg/ml), the effect of Dis1 6A mutation in the suppression of the TBZ-sensitive phenotype of the Dmtc1 mutant was strong at 33 C. Nonphosphorylatable Dis1 6A seemed to partly substitute for Mtc1 function in the presence of TBZ. Dis1
6A thus behaved more like Alp14/Mtc1 than wild-type Dis1 did. In contrast, Dmtc1 Dis1 6E showed a synthetic growth defect in the presence of TBZ at 30 C. Dis1 6A can be distributed broadly on microtubules even in metaphase. This property resembles that of Mtc1 and so may well account for the ability of this protein to rescue the drug sensitivity of Dmtc1. In contrast, the Dis1 6E mutant, which shows the synthetic lethality with Dmtc1, diminished signals along the metaphase spindle. Thus, there is a correlation between the affinity for microtubules of the mutant versions of Dis1 and these mutants' ability to rescue the Dmtc1 defect. In Dmtc1, microtubule structures are disrupted at the semirestrictive temperature. Dis1 is required at low temperatures, whereas Mtc1 is essential at high temperatures (see Summary). The kinetochore role of Dis1 in metaphase seems to be vital at low temperature, whereas Mtc1 or Dis1 6A distributed on the metaphase spindle microtubules seems to be essential at high temperature. Further work is required to clarify these functional distinctions among the highly related XMAP215 homologs.
Here, we show that S. pombe Dis1 is functionally regulated by phosphorylation and dephosphorylation. Phosphorylation by Cdc2 ensures the fidelity of chromosome segregation by promoting the accumulation of Dis1 at metaphase kinetochores and the removal of Dis1 from spindle microtubule lattice in metaphase, or both. The sudden change in Dis1 distribution from kinetochores to spindle microtubules during the metaphase-anaphase transition appears to have arisen from the dephosphorylation of the Dis1 sites that were phosphorylated by Cdc2 earlier in mitosis. This abrupt shift occurred in neither Dis1 6A nor Dis1 6E mutant cells, and this inability to relocalize may explain the sensitivity of strains harboring these mutations to TBZ. However, segregation fidelity is impaired by the failure in Cdc2 phosphorylation (Dis1 6A ) but not by the failure in dephosphorylation (Dis1 6E ). The Dis1 6E mutant that displayed a gross loss in its ability to associate with the lattice of anaphase spindle microtubules was still able to maintain a high degree of segregation fidelity.
In vitro and in vivo analyses have supported the view of XMAP215 family proteins stabilizing, destabilizing, and acting as antipausing factors to influence microtubule dynamics [20] [21] [22] . Our results do not pinpoint any of these possible modes of action, but they do provide insight into how a protein belonging to this group is regulated in mitosis through Cdc2 phosphorylation and dephosphorylation. A candidate phosphatase responsible for the localization change of Dis1 in the anaphase spindle is unknown, but type I phosphatase Dis2 is a prime candidate [23] ; hyperphosphorylated Dis1 is seen in dis2 mutant cells (data not shown). In short, we show that Cdc2 directly regulates the localization of Dis1 and promotes its metaphase kinetochore enrichment that ensures the high fidelity of chromosome segregation. , and Dis1 6E under the native promoter are shown. Images were taken at the 2 s intervals (0.5 s exposure). The white bars and arrowheads indicate the stage of early to middle mitosis and the onset of anaphase, respectively. Because the SPB marker Sad1 was not used, the timing from prophase to metaphase was not determined. In the time scale, one unit is equal to 2 min. The vertical scale bar represents 2 mm.
As the nonphosphorylatable mutant form that remains in the spindle, Dis1
6A causes minichromosome loss and aberrant behavior in centromere and anaphase spindle extension.
Supplemental Data
Supplemental Data include the Supplemental Experimental Procedures, three movies, and one figure and can be found online at http://www.current-biology.com/cgi/content/full/16/16/1627/DC1/.
Figure 6. Genetic Interaction between Dis1
6A and Dmtc1 Mutants TBZ sensitivities were examined at 30 C, 33 C, and 36 C for Dmtc1 deletion mutant cells in the Dis1 WT , Dis1 6A , or Dis1 6E background.
